Abstract. The fatigue properties of ultra-fine grain austenitic steel (UFG16-10), which has a 1 µm average grain size, were studied as part of the project aimed at the development of high-strength low-cost stainless steels for hydrogen service. The fatigue properties of the UFG16-10 were compared with that of a coarse grain material with the same chemical composition (CG16-10) and two kinds of commercial steels, JIS SUS316 and JIS SUH660. The fatigue strength of the UFG16-10 was 2.8 times higher than that of the CG16-10. The effect of hydrogen on the fatigue limit of the UFG16-10 was not significant. However, the fatigue life of the UFG16-10 was reduced by hydrogen in the short life regime. In the fatigue crack growth test, the UFG16-10 showed a good crack growth resistance that was equivalent to that of the SUH660 and significantly higher than that of the SUS316. However, the crack growth rate was significantly accelerated by hydrogen. The cause of the hydrogen-assisted fatigue crack growth of the UFG16-10 was transformation of the microstructure at the crack tip from austenite to strain-induced martensite. This was also the cause of the reduced fatigue life of the hydrogen-charged UFG16-10.
Introduction
The studies of ultra-fine grained materials produced by ECAP [1] , HPT [2] , ARB [3] , Warm tempforming [4] , HCR [5] , etc., are actively being advanced. An austenitic stainless steel, which has a grain size less than 2 µm, has been commercialized since 2013 [6] . Regarding the research on the fatigue properties of the ultra-fine grain materials, a unique fatigue mechanism was found such that the recrystallization at the crack tip during crack propagation occurs in low-melting-point materials such as copper [1, 8] and a magnesium alloy [7] . This resulted in no improvement in the fatigue strength due to the grain growth, whereas the static strength was significantly improved by the grain refinement. On the other hand, a significant increase in the fatigue strength is obtained in carbon steels [9] [10] [11] and stainless steels [5, 12] by the grain refinement. Grain refinement using a friction machining tool was applied to the specimen surface, then improved fatigue strength was obtained [13] However, the mechanism that causes an increase in the fatigue strength in the ultra-fine grain steels remains unclear, for instance, the fatigue strength increases with the degree of grain refinement treatment, but it then decreases with further treatment [9] . In addition, a negative effect on the improvement of the fatigue strength that the crack growth resistance of a low carbon steel is reduced by the grain refinement was also reported [15] . Specifically, the contribution of the fact that "grains are small" to the improved fatigue strength is not sufficiently understood, since there are many other factors which can influence the fatigue behavior such as an increase in the initial dislocation density, phase transformation during grain refinement process, formation of micro-defects, change in distribution of inclusions, etc. Further studies are needed in order to elucidate the fatigue mechanism in the ultra-fine grain materials.
According to the recent studies on hydrogen-assisted fracture related to fuel cell vehicles and hydrogen refuelling stations, 316L austenitic stainless steel was not susceptible to hydrogen during slow strain rate testing and fatigue crack growth test in high-pressure hydrogen [16] . However, the yield strength was relatively low. On the other hand, Cr-Mo steels had a higher yield strength, but hydrogen significantly reduced the ductility [17] and accelerated the crack growth [18] . Therefore, development of a new alloy that have both high-strength and hydrogen compatibility is required.
In this context that grain refinement is a promising method to develop high-strength material and austenitic stainless steels are hydrogen compatible but low strength, the fatigue properties of an austenitic stainless steel having a 1 µm average grain size and the effect of hydrogen were studied.
The ultra-fine grain austenitic stainless steel used in this study was produced by a thermo-mechanical treatment which had been developed by Takaki et al. [19, 20] . Figure 1 shows the conditions of the thermo-mechanical treatment. The grain refinement was achieved by reverse transformation of the strain-induced martensite to austenite following a cold rolling with a 90 % reduction rate. Therefore, the chemical composition that was optimized for this grain-refinement process was for a semi-stable austenitic stainless steel that can easily transform to strain-induced martensite during the cold rolling [19] . Table 1 shows the chemical composition of the material. The ultra-fine grain austenitic stainless steel used in this study is mainly consisted of 16 mass% Cr, 10 mass% Ni and Fe (balance). Therefore, the material was labelled as UFG16-10 in this paper.
The grain size was controlled by the temperature during the reverse transformation from strain-induced martensite to austenite. A coarse grain 16Cr-10Ni steel was also produced from the same ingot as the UFG16-10, and was used as the reference material. The average grain size was 21 µm. This material was labeled as CG16-10. In addition, two commercial steels, JIS SUS316 and JIS SUH660, were also used to compare the fatigue properties with the UFG16-10. The SUS316 had Cr and Ni contents similar to that of the 16Cr-10Ni steel. The SUH660, which was an alloy similar to A286, had approximately the same ultimate tensile strength (UTS) as that of the UFG16-10. The heat treatment was solution heat treatment by heating at 1303 K for 10.8 ksec followed by rapid cooling for the SUS316, and precipitation hardening at 833 K for 3.6 ksec followed by air cooling for the SUH660. The chemical composition of the reference materials is also shown in Table 1 .
The microstructure of the materials is shown in Fig. 2 . Since it was hard to observe 1 µm grains by an optical microscope, the microstructure was observed by electron back scatter diffraction patterns (EBSD). The average grain size of the test materials was 1 µm for the UFG16-10, 21 µm for the CG16-10, 76 µm for the SUS316, and 10 µm for the SUH660.
The mechanical properties of the materials are shown in Table 2 . The yield strength and the ultimate tensile strength of the 16Cr-10Ni steel are significantly improved by the grain refinement. For more details of the tensile properties of the UFG16-10, Ref. [21] is available. The UTS of the CG16-10 was comparable to that of the SUS316. The UTS of the SUH660 is the same level as that of the UFG16-10. However, the elongation and reduction of area were significantly higher in the UFG16-10 than in the SUH660. The relation between grain refinement and ductility change depends on the material, grain refinement process and post heat treatment. There are examples of Fig. 1 . Thermo-mechanical treatment for production of ultrafine grain austenitic steel developed by Takaki et al. Table 1 . Chemical composition of the materials (mass%). Table 2 . Mechanical properties of the materials both the reduction in ductility [1-3, 5, 8, 12] and increase in ductility [4, 7, 9, 10] . In this study, the grain refinement was effective in improving the tensile strength without a drastic degradation of the ductility. The effect of hydrogen was characterized by hydrogen-charged specimens. The specimens were exposed to 10 MPa hydrogen gas at 543 K for 72 h. The hydrogen concentrations of the materials measured by a thermal desorption spectrometry (TDS) are shown in Fig. 3 . For the measurement, several hydrogen-charged samples with different thicknesses were prepared. As shown in the graph, the hydrogen concentration of the samples was constant regardless of the thickness of the samples. The thickness of the thickest chips was the same as that of the fatigue test specimen. Therefore, it is reasonable to consider that the hydrogen in the fatigue test specimen was uniformly distributed throughout the thickness.
The hydrogen concentration was approximately 22.1 mass ppm for the UFG16-10 and 22.4 mass ppm for the CG16-10. According to the TDS result, there was almost no effect of the grain size on the hydrogen content, although there is the result that grain refinement increased the amount of absorbed hydrogen [22] . Since the volume fraction of the grain boundary rapidly increases with a decrease in the grain size in the region where the grains are finer than 1 µm [23] , it can be considered that the volume fraction of the grain boundary in the UFG16-10 was not very different from that in the CG16-10. This is the reason for that the hydrogen contents were almost the same for the UFG16-10 and the CG16-10. 
Effect of hydrogen on fatigue strength
The S-N curves were obtained by the specimen shown in Fig. 4 . The thickness of the specimen was 1.5 mm. Small specimens are often used in the study of ultra-fine grain materials [2, 10] , however the size of the ultra-fine grain steel used in this study was bulk size. The specimen had blunt notches, which stress concentration factor was 1.47, to prevent buckling of the specimen during the compression loading and to avoid heating of the specimen during the fatigue loading. It was confirmed that there was no significant increase in the temperature of the specimen during the fatigue test. The surface of the notch root was finished by buffing. The fatigue tests were carried out under a tensioncompression loading with a stress ratio, R, of -1 at a loading frequency, f, of 15 Hz at room temperature in laboratory air. Figure 5 shows the S-N curves of the UFG16-10 and the reference materials. The stress amplitude in the graph is the nominal value at the notch root. The fatigue limit of the UFG16-10 was 2.8 times higher than that of the CG16-10. The grain refinement was very effective in improving not only the static strength [21] but also the fatigue strength of the 16Cr-10Ni steel. Furthermore, the UFG16-10 had a higher fatigue strength than the SUH660 despite the fact that the ultimate tensile strength of the SUH660 is slightly higher than that of the UFG16-10.
The fatigue strength of the CG16-10 was very similar to that of the SUS316. This is reasonable when considering the similar tensile strengths of these materials and the empirical relationship between the ultimate tensile strength and fatigue limit.
The effect of the hydrogen on the fatigue strength is also shown in Fig. 5 . The reduction in the fatigue limit of the UFG16-10 by the hydrogen charge was not significant. For austenitic stainless steels, workhardening is frequently used to improve mechanical properties. However, in some cases, the work-hardened austenitic stainless steels severely suffer from hydrogenassisted fatigue failure [24, 25] . The result of this study clearly demonstrated the significant potential of the UFG steel to be a high-strength austenitic steel for hydrogen service systems use.
On the other hand, the fatigue life of the UFG16-10 in the short life region was significantly reduced by the hydrogen. In the short life region, crack growth is dominant rather than crack initiation, the crack growth behavior of the materials were investigated. 
Fig. 4. Fatigue test specimen for S-N test

Effect of hydrogen on fatigue crack growth
The crack growth test was carried out using a CT specimen shown in Fig. 6 . According to the material processing method shown in Fig. 1 , there is no limitation of the thickness of the UFG16-10. However, for our experiment, the maximum thickness of the UFG16-10 specimen was 1.5 mm because of the capacity of the rolling mill we have.
Therefore, the thickness of the CT specimen was also 1.5 mm. Even so, plain strain condition was achieved in the UFG16-10 and the SUH660 within the stress intensity factor range that the experiment was done because the yield strengths of both materials were sufficiently high. For the SUS316, the plain stress condition was not achieved. Since crack growth resistance in the plain stress condition is higher than that in the plain strain condition [26] , it should be noted that the crack growth resistance of the SUS316 in this study was apparently high. The crack growth test was performed at f = 5 Hz and 0.5 Hz with R = 0.1 at room temperature in laboratory air. The slower loading frequency was adopted by considering the experimental fact that the effect of hydrogen on the fatigue crack growth behavior was enhanced with a decrease of the loading frequency [27] . The crack length was measured by an unloading elastic compliance method using a back face strain gauge. Figure 7 shows the results of the crack growth test. For the uncharged materials, the crack growth rate of the UFG16-10 was remarkably low compared to that of the SUS316, and it was equivalent to that of the SUH660. It is presumed that this higher crack growth resistance contributed to the significantly improved fatigue strength of the UFG16-10.
Regarding crack growth resistance, there is a report that grain refinement has a negative impact on the crack growth resistance [15] . The mechanism that achieved the excellent crack growth resistance in the UFG16-10 was discussed in the separated paper [28] . In brief, the crack tip opening displacement (CTOD) was reduced by the small grains as shown in Fig. 8 . According to the established crack growth theory, crack growth rate is proportional to the CTOD [29] . The reason why the CTOD was reduced by the small grain was the reduction of stress concentration at the grain boundary ahead of the crack tip due to piling up of dislocations and consequent reduction in the plastic deformation at the crack tip. The CTOD is proportional to the square of the stress intensity factor, and the plastic zone size at the crack tip is also proportional to the square of the stress intensity factor [30] . Then, the CTOD is proportional to the plastic zone size.
For the hydrogen charged materials, the crack growth rate of the UFG16-10 was accelerated by hydrogen. It was consistent with the significant reduction in the fatigue life of the UFG16-10 in the short fatigue life regime due to hydrogen shown in Fig. 5 . The acceleration became more significant with the decrease in the loading frequency.
The accelerated fatigue crack growth was also found in the SUS316. On the other hand, the SUH660 did not suffer from hydrogen-assisted crack growth. The acceleration of the crack growth by hydrogen was grater in the order of the UFG16-10, SUS316 and SUH660. According to the past study, stability of austenite was closely related to the hydrogen-assisted fatigue crack growth [16] . Nickel equivalent that is an index of austenite stability that was calculated by Oshima's equation [31] was 18.3 for the UFG16-10, 20.2 for the SUS316 and 32.0 for the SUH660. The fact that the order of the nickel equivalent values was consistent with that of the degree of the acceleration of the crack growth implied the accelerated crack growth of the UFG16-10 was caused by the transformation of microstructure to strain-induced martensite at the crack tip during the crack growth. Figure 9 shows the fracture surface of the UFG16-10. The fracture surface of the uncharged material showed a ductile feature and transgranular crack path. In the case that the grain refinement reduced the crack growth resistance, the fracture surface showed brittle feature [18] . Therefore, the good fatigue crack growth behavior of the uncharged UFG16-10 could be achieved by maintaining ductile crack growth.
The fracture surface of the hydrogen-charged material exhibited a granular pattern. The morphology of the fracture surface was clearly different. As shown in Fig. 9  c) , the unit size of the granular pattern was almost equivalent to the grain size. It revealed the crack growth mechanism was changed to an intergranular cracking. Cracking at twin boundary might also be mixed. It was obvious that the change in the crack growth mechanism due to hydrogen caused the accelerated crack growth in the hydrogen charged UFG16-10. 
Effect of hydrogen on crack initiation
The fatigue failure process can be divided into two stages, crack initiation and crack propagation. Thus, the effect of hydrogen on the crack initiation behavior of the UFG16-10 was also investigated.
The fatigue test for the observation of crack initiation was carried out under a tension and compression loading at f = 5 Hz with R = -1 at room temperature in laboratory air. Figure 10 shows the specimen. The specimen has blunt notches to facilitate crack observation. The notch root was observed by a surface replication technique. The notch root was finished by buffing. Since the effect of hydrogen on the fatigue life of the UFG16-10 was significant in the short life regime as shown in Fig. 5 , the crack initiation behavior was observed in the short life regime.
The crack initiation behavior of the UFG16-10 is shown in Fig. 11 . The fatigue crack originated from a non-metallic inclusion. The reproducibility was confirmed by multiple specimens. The size of the inclusion was approximately 2 µm. It was very small compared with the sizes of the inclusions that lead crack initiation in other commercial high-strength steels [32] . In addition, this type of crack initiation is found in the high-strength steels having the UTS more than 1.2 GPa or the hardness more than HV400 [33] . Therefore, it might be considered special mechanisms due to small grains to the crack initiation of the UFG16-10. Figure 12 shows the crack initiation behavior of the hydrogen-charged UFG16-10. The fatigue life of this hydrogen-charged specimen was significantly shorter than that of the uncharged specimen shown in Fig. 11 . Similar to the uncgarged material, the crack originated from an nonetallic inclusion. Figure 13 shows the crack length as a function of the number of cycles. Whereas the fatigue life was significantly reduced by hydrogen, the crack initiation lifves of the hydrogen-charged and uncharged materials were not much different. In the subsequent crack propagation of the crack length reached approximartely 10 µm, the small crack of the hydrogen-charged material grew fatser than that of the uncharged one. The results of the observations of the crack initiation and small crack propagation showed that hydrogen had no significant effect on the crack initiatin of the UFG16-10 and accelerated the small crack propagation. As shown in Fig. 7 , the propagation of the large crack was also accelelated by hydrogen. Therefore, the reduced fatigue life of the hydrogen-charged UFG16-10 was due to acceleration of the crack growth by hydrogen. The nominal stress amplitude at the notch root was 523 MPa. The fatigue life was 83500 cycles. 
Conclusion
The effect of hydrogen on the fatigue properties of the ultra-fine grain austenitic stainless steel (UFG16-10) was studied.
(1) The fatigue limit of the uncharged UFG16-10 was 2.8 times higher than that of the CG16-10. The fatigue limit of the UFG16-10 was reduced by hydrogen, however, the reduction was no so significant. (2) The fatigue life of the UFG16-10 was significantly reduced by hydrogen. (3) The crack growth resistance of the uncharged UFG16-10 was significantly higher than that of SUS316 and equivalent to that of the SUH660. 
